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Sea-ice bacteria, Halomonas sp. 363 and Paracoccus sp. 392, produce multiple types of poly-3-1 
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Poly-3-hydroxyalkanoic acids (PHAs) are bacterial storage polymers commonly used in bioplastic 26 
production. Halophilic bacteria are industrially interesting organisms as their salinity tolerance and 27 
psychrophilic nature lowers sterility requirements and subsequent production costs. We investigated 28 
the PHA synthesis in two bacterial strains, Halomonas sp. 363 and Paracoccus sp. 392, isolated 29 
from Southern Ocean sea ice and elucidated the related PHA biopolymer accumulation and 30 
composition with various approaches, such as transcriptomics, microscopy and chromatography. 31 
We show that both bacterial strains produce PHAs at 4 °C when the availability of nitrogen and/or 32 
oxygen limited growth. The genome of Halomonas sp. 363 encoded three phaC synthase genes and 33 
transcribed genes along three PHA pathways (I–III), whereas Paracoccus sp. 392 carry only one 34 
phaC gene and transcribed genes along one pathway (I). Thus Halomonas sp. 363 has versatile 35 
repertoire of phaC genes and pathways enabling native production of both short- and medium chain 36 
length PHA products.  37 
 38 
IMPORTANCE 39 
Plastic pollution is one of the most topical threats to the health of the World Ocean. One recognized 40 
way to alleviate the problem is to use degradable bioplastic materials in high-risk applications. PHA 41 
is a promising bioplastic material as it is non-toxic and fully produced and degraded by bacteria. 42 
Sea ice is an interesting environment for prospecting novel PHA-producing organisms, since traits 43 
advantageous to lower production costs, such as tolerance for high salinities and low temperatures 44 
are common. We show that two sea-ice bacteria, Halomonas sp. 363 and Paracoccus sp. 392, are 45 
able to produce various types of PHA from inexpensive carbon sources. Halomonas sp. 363 is an 46 
especially interesting PHA-producing organism, since it has three different synthesis pathways to 47 






Poly-3-hydroxyalkanoic acids (PHAs), the most common bacterial storage polymers, can be utilized 53 
as renewable and biodegradable plastics (1). Industrially, the challenge is to produce PHAs from 54 
inexpensive, non-related carbon (C) skeletons structurally different from those of PHA C sources 55 
such as glucose, for which marine bacteria, including Halomonas spp., have shown considerable 56 
potential (2–7). Moreover, the recent focus on marine plastic pollution has given rise to an urgent 57 
need to develop sustainable alternatives for petrochemical plastics at competitive prices (8). PHA is 58 
one of the most promising alternative materials, because it is biocompatible; i.e., non-toxic for 59 
living organisms, and bacteria are able to synthesize and degrade it completely with hydrolases and 60 
depolymerases (9–11). In particular, medium-chain-length (MCL)-PHAs and co-polymers are more 61 
flexible and easier to process, thus making them the polymers preferred for industrial applications 62 
(12). 63 
 64 
Halophilic and psychrophilic bacteria display advantages as potential bioplatforms for PHA 65 
production, because both high salinity tolerance and growth at low temperatures reduce the risk of 66 
contamination during cultivation and associated production costs (6,13–15). Recent studies have 67 
shown that sea-ice bacteria possess PHA granules and synthase genes (16,17), suggesting that PHA 68 
production is ecologically relevant to microbial populations inhabiting sea ice. Thus, sea ice, known 69 
for the rapidly fluctuating environmental conditions, including combined high salinities (up to 216 70 
‰ at -21 °C, Eicken et al. 2000) and low temperatures (18), is a promising biome in which to 71 
prospect for new PHA-producing bacteria. 72 
 73 
PHAs are linear polyesters that accumulate in hydrophobic cytoplasmic inclusion bodies that many 74 
bacteria use for C and energy storage (19–21). PHAs are ideal storage polymers; they are highly 75 
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reduced and by their low solubility have negligible effect on osmotic pressure regulation in the cell 76 
(19). PHAs also enhance survival during environmental stress such as oxygen (O2) deficiency, 77 
ultraviolet (UV) radiation, salinity and cold (21–26), all of which are encountered in sea ice(17). 78 
Environmental stressors cause oxidative stress in the bacteria, increasing the concentrations of 79 
reactive-oxygen species (ROS) in cells (27). These can be further detoxified enzymatically with 80 
antioxidants such as superoxidase dismutase and catalase, some of which use nicotinamide adenine 81 
dinucleotide phosphate NAD(P)Hs as cofactors (27). During O2 deficiency, PHA can act as a sink 82 
for reducing power, because the NAD(P)H produced in glucose catabolism cannot be oxidized, 83 
which leads to high NAD(P)H/NAD(P) ratios and subsequent channelling of NAD(P)H to 84 
NAD(P)H-dependent phaB and PHA production (19,28–30). Therefore, PHAs are used by bacteria 85 
to maintain cellular redox balance by either synthesizing or depolymerizing PHA; i.e., storing or 86 
producing reduced equivalents (19,21,26,28,29,31). Most commonly, PHAs are produced when 87 
nutrient availability is not balanced; e.g., when nitrogen (N) or phosphorus limits the growth but 88 
there is excess C available, leading to channelling of the surplus acetyl-coenzyme A (CoA) and 89 
NAD(P)H to PHA production (20,32). Again, nutrient limitation is a well-recorded feature in sea 90 
ice habitats (33).  91 
 92 
We investigated the conditions and cellular basis for the PHA production in two bacterial strains 93 
newly isolated from Southern Ocean sea ice, Halomonas sp. 363 (Gammaproteobacteria) and 94 
Paracoccus sp. 392 (Alphaproteobacteria). We verified the PHA production, using transcriptomes, 95 
microscopy and gas chromatography-mass spectrometry (GC-MS). We show that these two sea-ice 96 
bacteria can produce various types of PHAs from inexpensive C sources under N-limitation and co-97 





Aim of the study was to investigate the conditions and cellular basis for the PHA production in two 102 
bacterial strains isolated from Southern Ocean sea ice, Halomonas sp. 363 (Gammaproteobacteria) 103 
and Paracoccus sp. 392 (Alphaproteobacteria). Shaker flask batch-culture experiments were 104 
conducted with Halomonas sp. 363 and Paracoccus sp. 392 under both N-limited and N-replete 105 
conditions (Fig. S1). 106 
 107 
PHA genes 108 
The closed circular genome of Halomonas sp. 363 was comprised of 5.6 Mb and that of Paracoccus 109 
sp. 392 3.03 Mb along with 18 plasmids (range of plasmid length 0.003–0.33 Mb, complete genome 110 
4.5 Mb). Both strains harboured all the genes (phaA, phaB and phaC) essential for PHA production 111 
(Fig. 1, Fig. S2 and S3). In addition, both strains included the phasin (phaP) and depolymerase 112 
(phaZ) genes, while Paracoccus sp. 392 also carried the regulator protein gene phaR (Fig. 2). One 113 
of the Paracoccus sp. 392 phaZ genes was carried by a plasmid (Fig. 1, Table S2). In Halomonas 114 
sp. 363, the PHA genes were scattered around the genome, as also observed in other Halomonas 115 
strains (34–36) whereas in Paracoccus sp. 392, two gene clusters (phaRPCZ and phaAB) were 116 
identified (Fig. 1) in accordance with a previous study (37).  117 
Based on annotations with RAST (38) and PROKKA (39), Halomonas sp. 363 harbours three phaC 118 
genes (phaC, phaC1 and phaC2); however, phaC was annotated only with RAST (Table S1). The 119 
predicted CDS showed non-specific matching with the Class III PHA synthase (TIGR01836, 201–120 
415 bp) based on the National Centre for Biotechnology Information (NCBI) Conserved Domain 121 
Database (CDD). In addition, there was a stretch in the CDS (from AA 183–244/bp 549–732), 122 
which resulted in a 100% protein Basic Local Alignment Search Tool (BLASTp) hit against nr 123 
database to the phaC gene in Halomonas (EHA17034.1). Moreover, the phaC gene was much 124 
larger (2544 bp) than the synthase genes in general (1622–1973 bp) (40). Exceptionally large phaC 125 
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genes have also been detected in other Halomonas strains (7,34), as well as strains with three phaC 126 
genes (41). Since the phaC gene appears to be conserved in Halomonas spp. (Fig. S4), the results 127 
suggest it is a true gene. 128 
In addition, Halomonas sp. 363 carried two copies of phaB genes as the halophilic archaeon, 129 
Haloferax mediterranei (42). This may have resulted from Halomonas having both NADPH-130 
dependent phaB genes for anabolic PHA production and another NADH-dependent phaB genes for 131 
PHA production under fermenting, O2-limited conditions, as suggested previously (30).  132 
 133 
Transcriptomes and PHA granule formation  134 
In total, ~834.2 million reads (~173 Gb) were obtained with Nextseq. Halomonas sp. 363 135 
transcribed genes for all three main PHA production pathways (I–III), of which the transcription of 136 
Pathway I was highest (Fig. 2 and 4B, Fig. S5, Tab. S3). Paracoccus sp. 392 transcribed genes only 137 
for a pathway I (Fig. 2 and 4D, Tab. S4). In both strains, the PHA genes were transcribed in the N-138 
limited 1 wk treatments (Fig. 3 B and D). By day 5, all phaC gene transcription levels increased 139 
significantly in Halomonas sp. 363 (one-way analysis of variance (ANOVA) phaC p = 0.00142, F = 140 
61.64; phaC1 p = 0.0157, F = 16.26; phaC2 p = 0.018, F = 14.96, Fig. S6A), however, the increase 141 
in phaC1 and phaC2 transcription was much lower than in phaC. No such increase was observed in 142 
Paracoccus sp. 392 (Fig. 3D and Fig. S6C). In addition, in Halomonas sp. 363, phaC and PhaC2 143 
gene transcription levels were significantly greater at the end of the N-replete 3 wks treatment than 144 
on Day 5 in N-replete 1 wk treatment (one-way ANOVA,  phaC p = 0.00424, F = 34.31; phaC2 p = 145 
0.00108, F = 71.22, Fig. 3B and Fig. S6B) with the highest phaC activity observed throughout the 146 
experiment (Fig. 3B and 4D).  However, it should be noted that the transcription of PhaC gene in 147 
Halomonas sp. 363  was ~10 times higher than PhaC1 and PhaC2 (Figure 3B). 148 
In the N-limited 1 wk treatment in Halomonas sp. 363 from Day 2 onwards and from Day 12 149 
onwards in the N-replete 3 wks treatment the glutamine synthetase gene (glnA, NLJJMJOO_00241) 150 
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was up-regulated as an indicator of N deficiency, (Fig. 3A). The N-limitation likely induced up-151 
regulation of N uptake genes nasD (NLJJMJOO_01038 and NLJJMJOO_01039), nrgA 152 
(NLJJMJOO_04706) and yhdW (NLJJMJOO_04689, Fig 3A and Fig. S2) and narK 153 
(NLJJMJOO_01066). The NarK gene encodes a transporter responsible for nitrite/nitrate uptake 154 
across the cytoplasmic membrane, nasD a subunit of assimilatory nitrite reductase, nrgA an 155 
ammonium transporter and yhdW encodes an amino-acid transporter. The nutrient limitation 156 
appeared to be more severe in the N-limited 1 wk treatment than in the N-replete 3 wks treatment in 157 
Halomonas sp. 363, since the cells were larger in the latter indicating that cells were not suffering 158 
for severe N-limitation (Fig. S7 C and D).  159 
In Paracoccus sp. 392, the expression levels of glnA did not increase until at Day 4 in the N-limited 160 
1 wk treatment (Fig. 3D), indicating that Paracoccus sp. 392 likely used stored cellular N after 161 
transfer to the N-limited medium.  162 
In addition to N limitation, the increases in the expression of superoxide dismutase (sodM), 163 
catalase-peroxidase 1 (katG1), activator for hydrogen peroxide-inducible genes (oxyR) and hypoxic 164 
response protein 1 (hrp1) genes (Fig. 3C) indicated O2 deficiency in the N-replete 3 wks treatments 165 
in Halomonas sp. 363. Facultative anaerobes use superoxidase dismutase with catalase, or 166 
peroxidase, to protect anaerobic metabolism in the presence of O2 (43). Rapid increase in phaC 167 
expression coinciding with the up-regulation of antioxidant and N limitation genes suggest that co-168 
limitation of N and O2 induced an increase in PHA production in the N-replete 3 wk treatment. 169 
High cell densities combined with low rotation speed (120 rpm) lead to microaerobic conditions 170 
and enhanced PHA accumulation in cultures (30,44).  171 
 172 
PHA composition 173 
 174 
Halomonas sp. 363 produced mainly poly-3-hydroxybutyrate (PHB) (up to 47 % w/w, Tab. 1) from 175 
glucose and gluconate. Under N-limited conditions, trace amounts of beta-hydroxyvaleric (3-HV) 176 
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and beta-hydroxydodecanoic (HDD) acid moieties were observed, although not quantified. 177 
Interestingly, the Halomonas sp. 363 N-replete 1 wk treatment also accumulated PHB (~17% w/w, 178 
Table 1). Paracoccus sp. 392 produced poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) co-179 
polymer with a range of 8.7 % w/w 3-HB and 4.5 % (w/w) 3-HV, while the N-replete treatment 180 
produced similar molarities of 3-HB and 3-HV (Table 1) from glucose and gluconate. 181 
Table 1. Extracted PHA biopolyesters in Halomonas sp. 363 and Paracoccus sp. 392 cultured 182 
in glucose and gluconate under N-limited 1 wk and N-replete 1 wk conditions. PHA = poly-3-183 
hydroxyalkanoic acid, 3-HB = 3-hydroxybutyrate, 3-HV = 3-hydroxyvalerate, 3-HDD = 3-184 
hydroxydodecanoate, ND = not detected 185 
    % of dry matter   
Strains Treatment % 3-HB % 3-HV %3-HDD 
Halomonas sp. 363  
N-limiting 1 wk  45.00 traces traces 
N-replete 1 wk  17.19 ND ND 
Paracoccus sp. 392  
N-limiting 1 wk  8.71 4.51 ND 




PHAs are one of the most promising bioplastic materials, because they are fully synthetised and 189 
degraded by bacteria (11). We investigated PHA production and pha-gene transcription in two 190 
bacterial strains, Halomonas sp. 363 and Paracoccus sp. 392, isolated from Southern Ocean sea ice, 191 
using shaker flask batch-culture experiments under N-limiting and N-replete growth conditions with 192 
glucose and gluconate as a carbon source. Halomonas sp. 363 produced mainly PHB, but trace 193 
amounts of PHBV and 3HDD were also detected, whereas Paracoccus sp. 392 produced PHBV. 194 
Since Halomonas sp. 363 tolerates high salinities and low temperatures, can exploit inexpensive 195 
carbon sources as well as has three actively transcribed pathways (I–III) to produce PHAs with 196 
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indications of MCL-PHA and co-polymer production, Halomonas sp. 363 is an especially 197 
promising candidate for industrial PHA production.  198 
 199 
PHA genes and growth conditions 200 
PHA granules have a hydrophobic core, with amorphous PHA enclosed by a phospholipid layer that 201 
contains PHA synthase, depolymerase, phasin and regulatory proteins embedded and attached 202 
(20,40,45). The key enzyme in PHA production is synthase (phaC) (40), which is divided into four 203 
classes (I–IV), based on the substrate specificity, subunit composition and sequence homology 204 
(10,40). Class I, III and IV synthases use short-chain-length (SCL)-HA-CoAs (C3–C5) whereas 205 
Class II synthases use medium-chain-length MCL-HA-CoAs (C6–C14) as a substrates for 206 
polymerizing PHAs (40). Halomonas sp. 363 encoded three phaC genes and produced SCL-PHA 207 
(PHB) in both N-limited and N-replete 1 wk treatments, as well as in the N-replete 3 wks treatment 208 
with combined N and O2 limitation. Based on microscopy and transcriptomes, the highest PHA 209 
yield was obtained under the combined N and O2 limitation, which occurred due to the low rotation 210 
speed of shake flasks in N-replete 3 wks treatment. However, since the N-replete 3 wks treatment 211 
was not analysed with GC-MS, the result is based only for higher transcription level of phaC gene 212 
and visual inspection of micrographs. In addition, trace amounts of MCL-PHA (3HDD) and co-213 
polymer PHBV were observed. MCL-PHA and co-polymers are more flexible and have more 214 
desirable properties for industrial purposes; e.g., thermoplastic moulding compared with SCL-PHAs 215 
(12). Based on the MCL-PHAs detected, Halomonas sp. 363 apparently has synthase genes from 216 
different classes. Previously, Halomonas spp. phaC genes are regarded as Class I, since they encode 217 
only enzymes producing SCL-PHAs and co-polymers (6,7,36,48-50), whereas MCL-PHAs are 218 
almost exclusively produced by Pseudomonas species or mutant strains (32). Interestingly, 219 
Pseudomonas stutzerii phaC2 has very low substrate specificity and is capable of producing both 220 
SCL-PHAs and MCL-PHAs (3,46,47). In all, Halomonas sp. 363 appears to be the first wild-type 221 
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strain, which has been experimentally shown to possess the native capability for producing both 222 
SCL- and MCL-PHAs. However, further investigations are needed to directly link the genes to the 223 
PHA production observed and to determine the synthase class. 224 
  225 
Paracoccus sp. 392 was comprised of the Class I phaC gene and produced low amounts of PHBV, 226 
both in the N-limited 1 wk and N-replete 1 wk treatments. However, based on glnA expression, N 227 
limitation was initiated only on Day 5, likely explaining the small difference in PHA yield between 228 
the N-limited and N-replete treatments. Although bacteria more commonly produce PHA under 229 
nutrient-limiting conditions, these mechanisms vary, and evidence is available that bacteria can also 230 
produce PHA when nutrients are not exhausted (20,32,51). Another reason for the low PHBV 231 
concentration may be that the strains were cultured on glucose and gluconate and for the valerate 232 
production, bacteria also need to use cell-derived substrates, such as amino acids, to produce 233 
propionyl-CoA precursor (52). PHBV production in Paracoccus spp. has also been observed in 234 
previous studies (52,53), although they are better known as a PHB producers (6,37).  235 
 236 
 237 
PHA pathways  238 
PHAs are diverse and produced along several different pathways (I–VIII) from various C sources, 239 
including carbohydrates, amino acids, fatty acids and CO2 (54,64,65). There are two main pathways 240 
from sugars; Pathway I and III, which begin as acetyl-CoA as a precursor (65). In this study, 241 
glucose and gluconate were used as a C sources for the bacteria, which are processed along 242 
Pathway I, producing SCL-PHAs and co-polymers, and along the Fatty-Acid Biosynthesis (FAB) 243 
Pathway III, producing MCL-PHAs and co-polymers (32,51,65–70). In Halomonas sp. 363, both 244 
Pathway I and III genes were actively expressed, whereas in Paracoccus sp. 392 only Pathway I 245 
was expressed. However, the transcription of the Pathway I genes was several times higher than for 246 
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Pathway III. Accordingly, Halomonas sp. 363 accumulated mostly SCL-PHA (PHB), however also 247 
showing indications of possible MCL-PHA (3HDD) and co-polymer production (PHBV), whereas 248 
Paracoccus sp. 392 accumulated only PHBV co-polymer (Table 1). The Class II PHA synthases 249 
(Pathway III) are capable of using exclusively CoA-linked 3-hydroxy acids (HAs), and thus a 250 
transacylating enzyme is needed to link FAB and PHA synthesis (66–69,71). PhaG catalyses the 251 
conversion of (R)-3-hydroxyacyl-ACP to (R)-3-hydroxyacyl-CoA, which is further used as a 252 
substrate for phaC (66–68,71). However, evidence is available that in bacteria lacking the phaG 253 
gene, rhlA (72) and fabD as well as fabH (73) may substitute to produce substrates for PHA 254 
synthase. In Halomonas sp. 363, all necessary genes for Pathway III, except phaG, were annotated 255 
and expressed; however, it also encoded rhlA, fabD and fabH genes. 256 
 257 
In addition to these two pathways, MCL-PHAs are produced from fatty acids along the Fatty-Acid 258 
Degradation (FAD) Pathway II (65). Interestingly, Halomonas sp. 363 also encoded all the genes 259 
necessary for Pathway II. Thus, Halomonas sp. 363 uses two fully annotated pathways to produce 260 
MCL-PHAs from both sugars and fatty acids. FAD genes have also been annotated from 261 
Halomonas SF 2003 (36). Since only trace amounts of 3HDD were detected in Halomonas sp. 363, 262 
it may be a product of Pathway II derived from bacterial debris. Ecologically, the conversion of 263 
fatty acids to PHA likely occurs in sea ice, because sea-ice algae provide abundant fatty acids as 264 




PHA production was observed in two Southern Ocean sea-ice bacteria Halomonas sp. 363 and 269 
Paracoccus sp. 392. Both strains produced PHAs from glucose and gluconate under N-limited and 270 
N-replete conditions at 4 °C. Moreover, Halomonas sp. 363 also produced PHAs under combined 271 
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N- and O2-limitation. Halomonas sp. 363 is a particularly versatile organism with regards to PHA 272 
production, harbouring genes for each of the three main pathways, as well as the native capability 273 
for producing both SCL and MCL-PHAs. In addition, it has several qualities that are considered 274 
industrially valuable by offsetting production costs, including the production of PHAs from 275 
inexpensive C sources under low aeration without compromising the cell size, as well as very 276 
flexible salinity and temperature tolerances.  277 
 278 
Material and Methods 279 
 280 
Bacterial strains 281 
Experiments were conducted with two Antarctic sea-ice bacteria, Paracoccus sp. 392 282 
(Alphaproteobacteria) and Halomonas sp. 363 (Gammaproteobacteria) isolated from Southern 283 
Ocean sea ice (isolation described in 75). First, the strains were inoculated from a glycerol stock on 284 
modified ZoBell agar (5 g peptone, 1 g yeast extract, 15 g agar, 33 g Instant Ocean® sea salt, 1000 285 
ml milli-Q (MQ) water, autoclaved at 121 °C for 20 min) (76). Single colonies were then inoculated 286 
into 50 ml liquid ZoBell medium (5 g peptone, 1 g yeast extract, Instant Ocean ® sea salt, 1000 ml 287 
MQ water, autoclaved at 121 °C for 20 min (76) for pre-growth at +4 °C to turbidity optical density 288 
(OD) 0.7-1.2 (Halomonas sp. 363: 3 days, Paracoccus sp. 392: 6 days) in three replicates. The OD 289 
could not be measured reliably from Paracoccus sp. 392, because the bacterial cultures were too 290 
heterogenous and organized in tight aggregates. From each culture, 1 ml of Halomonas sp. 363 and 291 
8 ml of Paracoccus sp. 392 were inoculated into the N-replete experimental units (two from each; 292 
i.e., control and N-limitation treatment) for the Phase I biomass accumulation (Fig. S1).  293 
 294 
Experimental set up 295 
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PHA-production was examined in 200-ml shaker flask batch cultures in the dark at 4 °C on an 296 
orbital shaker set at 120 rpm, with three replicates for each treatment. The bacteria were cultured in 297 
two phases (Fig. S1): in Phase I, six replicates from both strains, were inoculated from the pre-298 
growth media to the 200-ml N-replete Mineral Media (MM, modified from (77), DocS1). In Phase 299 
I, the bacteria were cultured,  achieving an OD of 0.7–1.2 on N-replete MM to accumulate biomass. 300 
In Phase II, the cells were pelleted (13 000 g, 3 min, 4 °C) and three were inoculated to N-limited 301 
MM (modified from (77), DocS1) to induce PHA production (N-limited 1 wk treatment) and three 302 
to N-replete MM as a negative control (N-replete 1 wk treatment). After the cells were collected 303 
and transferred to new media (Day 1), their growth was followed for 4 days and sampled daily for 5 304 
days for transcriptomes (2 ml) and Nile-blue microscopy (1 ml in 1.25% of glutaraldehyde).  305 
Surprisingly, Halomonas sp. 363 produced PHA under N-replete conditions, so an additional 306 
experiment (N-replete 3 wks) was conducted to observe the effects of natural nutrient depletion on 307 
PHA production. Bacterial strains were prepared and cultured the same way as for the N-replete 1 308 
wk, but the cells were not pelleted or resuspended, and the incubation time was extended to 19 309 
days. Samples were collected once per week for 3 weeks (Days 1, 5, 12, 19).  310 
 311 
Microscopy 312 
PHA production was verified microscopically. Samples for Nile-blue staining were stored in 313 
electron microscopy-grade glutaraldehyde (final concentration of 1.25%) at 4 °C. The Nile-blue 314 
preparates were prepared according to (78).  In short, 10 µl from the stock, were pipetted onto 315 
microscopic slides, spread out and dried for 15 min in a laminar-flow hood. The slides were flamed 316 
and immersed into pre-heated, 0.2-µm-filtered Nile-blue for 10 min (water bath, 55 °C). The slides 317 
were rinsed with MQ water and incubated in 8% acetic acid, at room temperature (RT) for 1 min. 318 
The samples were analysed with epifluorescence microscopy under green-light excitation (Leica 319 
Aristoplan; Leica Biosystems GmbH, Wetzlar, Germany).  320 
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 321 
Gas chromatography 322 
The PHA content and composition in the PHA biopolymers (PHB, polyhydroxyvalerate (PHV) and 323 
polyhydroxyoctanoate (PHO) as standards as well as from the biomasses of Paracoccus sp. 392 and  324 
Halomonas sp. 363 were determined with gas chromatography-mass spectrometry (GC-MS) as 325 
described below. The cells were collected (13 000 g, 3 min, 4 °C) from the N-limited 1 wk and N-326 
replete 1 wk treatments, and washed with N-limiting growth medium and freeze-dried for 20 h (1 327 
mbar >, +0.035 mbar final dry for 2 h). In all, 10 mg of lyophilized cells (or 1 mg of isolated PHAs, 328 
respectively) were subjected to methanolysis, which was done in a mixture of 2 ml high-329 
performance liquid chromatography (HPLC)-grade chloroform and 2 ml methanol containing 15% 330 
(vol/vol) sulphuric acid, as suggested previously(79,80). The samples were diluted 50 times with n-331 
hexane of HPLC grade. The initial structural assignments of the methylesters obtained were based 332 
on their retention times compared with those of authentic standards of practical (PA) grade, 333 
including methyl (S)-(R)-3-hydroxybutyrate 98% from Alfa Aesar (Thermo Fisher Scientific, 334 
Haverhill, MA, USA),(-)-methyl-(R)-3-hydroxyvalerate , 98% from Sigma Aldrich (now Millipore 335 
Sigma, Burlington, MA, USA), methyl-3-hydroxyhexanoate of from Sigma Aldrich and methyl-336 
(S)-3-hydroxyoctanoate  from Key Organics Ltd, Camelford, Cornwall, UK (ordered through 337 
Sigma Aldrich). 338 
For each analysis we applied a hexane blank for monitoring the thermocycle and purities of the 339 
column. The authentic structures of the monomers were determined by GC-MS, using a model 340 
Agilent Technologies LDA UK Ltd (Stockport, Cheshire SK8 3GR, UK) with a capillary column of 341 
type Agilent HP-5MS UI 30 m, 0.25 mm, and the carrier gas: 99.9999% purity helium at a constant 342 
flow of 1.2 ml/min. The temperature program was modified with an initial temperature of 40 °C 343 
with a hold of 2 minutes, followed by a ramp of 20 °C/min to 140 °C and a second ramp of 40 344 
°C/min to 300 °C, then a hold at 300 °C for 3 minutes, giving a total run time of 14 minutes. For the 345 
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detector settings, a transfer line temperature of 250 °C and mass-to-charge ratio (m/z) scanning 346 
range of 50–300 were applied. 347 
 348 
DNA extraction, library preparation and sequencing 349 
DNA was extracted from 1ml of ZoBell growth media with a DNeasy UltraClean Microbial 350 
Kit (QIAGEN, Hilden, Germany) and stored at -80 °C. Whole-genome large-insert (16 kbp 351 
(Paracoccus sp. 392), 14 kbp (Halomonas sp. 363)) PacBio libraries for the RSII instrument were 352 
prepared, using a DNA Template Prep Kit 2.0 and DNA/Polymerase Binding Kit P6 according to 353 
the manufacturer’s protocol. Both samples were sequenced individually in a Single-Molecule, Real-354 
Time (SMRT) cell. Dual-indexed paired-end genomic DNA (gDNA) libraries were prepared 355 
according to the Illumina Nextera® DNA Library Prep Guide (Illumina Inc., San Diego, CA, USA), 356 
except that half of the tagment DNA Enzyme 1 (TDE1) was used per reaction. An Illumina 357 
NextSeq500 instrument was used to sequence the DNA fragments in a paired-end manner (170 + 358 
132bp). 359 
 360 
RNA extraction, cDNA translation and library preparation and sequencing 361 
RNA was extracted, using the cetyltrimethylammonium bromide-polyethylene glycol (CTAB-Peg) 362 
DNA/RNA extraction protocol (81), after which the RNA was purified with a AllPrep DNA/RNA 363 
Kit (QIAGEN, Hilden, Germany). The libraries were prepared according to the manufacturer’s 364 
instructions with a NEBNext® Ultra™ II RNA Library Prep Kit for Illumina (#E7770, NEW 365 
ENGLAND Biolabs Inc.), using NEBNext® Multiplex Oligos for Illumina® 96 Index Primers 366 
(#E6609S, NEW ENGLAND Biolabs Inc.) and NEBNext Sample Purification Beads (#E7767S, 367 
NEW ENGLAND Biolabs Inc.). Paired-end (75 + 75) sequencing was performed on an Illumina 368 
Nextseq500 instrument. 369 
 370 
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Bioinformatics pipeline 371 
 372 
Genomes 373 
The PacBio reads were assembled, using the Hierarchical Genome Assembly Process 3 (HGAP3) 374 
implemented in smartportal 2.3.0 (Pacific Biosciences, Menlo Park, CA, USA), using default 375 
parameters. The sequences obtained were manually inspected and circularized, using the GAP4 376 
Staden package (82). Chromosomal DNA sequencing was set to start from the dnaA gene. The 377 
Illumina short reads were first quality checked with FastQC (83) and then filtered, using cutadapt 378 
(v. 1.14 (84) using the following three criteria: 1) adapter sequence removal, 2) low-quality base 379 
from the 3’ end of the read (-q 25) removal and 3) minimum read length (-m 50) set to 50 bp. The 380 
filtered Illumina short reads were mapped against the circularized sequences with bwa mem (v. 381 
0.7.17) (85), sorted and indexed with SAMtools (v. 1.7) (86). Reads that did not map to the 382 
reference sequences given were selected and assembled separately with spades (v. 3.11.1)(87), 383 
using the -careful option. Sequences from the spades assembly were circularized in GAP4. Finally, 384 
all sequences were polished using pilon (v. 1.16) (88). 385 
The sequences were annotated against the Kyoto Encyclopedia of Genes and Genomes (KEGG) 386 
(86, April 2018) (89) with KEGG-tools2.0 (90), PROKKA (1.13) (39) and RAST with default 387 
parameters (2.0) (38). 388 
 389 
Transcriptomes  390 
The quality of the raw reads was analysed with FastQC (83). The primers were removed with 391 
Cutadapt (v. 1.10 with Python 2.7.3)(84,91), using a quality score of 20 and minimum length 30. 392 
The complementary DNA (cDNA) was annotated against PROKKA (1.13)(39), and the trimmed 393 
reads were mapped against the PROKKA-annotated genes (ffn-file) with Bowtie2 (v.1.2.2)(92), and 394 





Differences between the treatments for selected genes were tested with one-way analysis of 399 
variance (ANOVA, function ‘aov’, R-core package with R4.0.2 (93). Variance of homogeneity (p > 400 
0.05) was tested with Levene’s test (package ‘car’, in R4.0.2) and normality (p > 0.05) with 401 
Shapiro-Wilk normality test (93). Tests were done only for Halomonas sp. 363, since one of the 402 
Paracoocus sp. 392 replicates didn’t grow thus making the statistical tests unreliable. 403 
For further analyses, the rRNA-associated transcripts were removed and abundances were 404 
normalized against the single-copy gene rpoB and the relative abundances were calculated. Data 405 
cleaning was done, using the package tidyverse (1.3.0) (94). The graphics were done with R4.0.2 406 
(93), using ggplot2 (3.3.2) (95) and pheatmap (1.0.12) (96).   407 
 408 
Data and code availability 409 
 410 
The data reported in this article is available in Supplementary tables 1-2. The raw RNA-seq fastq 411 
sequence data files are deposited in the European Nucleotide Archive (ENA) study PRJEB41946 412 
under accessions: ERS5465044 (SAMEA7708542) - ERS5465113 (SAMEA7708611) and closed 413 
genomes of Halomonas sp. 363 and Paracoccus sp. 392 under ERS5472646 (SAMEA7725270) 414 
and ERS5472645 (SAMEA7725269), respectively.  415 
All scripts for to processing RNA-seq data are available in Supplementary Material: 416 
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 31 
Fig. 1. Annotated poly-3-hydroxyalkanoic acid (PHA) metabolic genes in the sea-ice bacteria 709 
Halomonas sp. 363 and Paracoccus sp. 392. The genome annotations against KEGG (86, April 710 
2018) (89), PROKKA (1.13) (39) and RAST (2.0) (38) are listed in Table S1-2.  711 
 712 
Fig. 2. Actively transcribed genes putatively associated with poly-3-hydroxyalkanoic acid 713 
(PHA) synthesis in the sea-ice bacterial strains Halomonas sp. 363 and Paracoccus sp. 392. 714 
Halomonas sp. 363 has putatively three different pathways (Pathway I–III) to produce both short-715 
chain-length (SCL) and medium-chain-length (MCL) PHAs, whereas Paracoccus sp. 392 only 716 
SCL-PHA via Pathway I. FAB= fatty-acid biosynthesis, FAD=fatty-acid degradation. The genes 717 
and their annotations are listed in Table S5. PhaC1-3 genes are not specified for the Figure, since 718 
we have not proven the Pathways with knock-out mutant strains. 719 
 720 
Fig. 3 Actively transcribed genes from sea-ice bacterial strains Halomonas sp. 363 and 721 
Paracoccus sp. 392. associated with (A) Nitrogen cycle in Halomonas sp. 363, (B) Poly-3-722 
hydroxyalkanoic acid (PHA) production in Halomonas sp. 363, (C) Oxygen limitation in 723 
Halomonas sp. 363 and (D) PHA production and nitrogen limitation in Paracoccus sp. 392. The 724 
sequences were normalized against rpoB, after which the rRNA-associated genes were removed and 725 
the relative percentage counted. Note different scales! The complete transcriptome annotations 726 
against KEGG (86, April 2018) (89), PROKKA (1.13) (39) and RAST (2.0) (38) are listed in Table 727 
S3-4. 728 
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